This study is a further analysis of the TOPPS trial data and assesses patients' baseline characteristics at enrolment, burden of thrombocytopenia, presence of fever and presence of minor hemorrhage as potential risk factors for WHO grade 2 to 4 bleeding. Recurrent event analyses have been used to allow assessment of bleeding over the 30-day trial period and to account for multiple bleeds per patient.
Introduction
Thrombocytopenia is a common complication of hematologic malignancies or their treatment and many patients experience clinically significant bleeding during these periods of thrombocytopenia. Despite the use of prophylactic platelet transfusions, bleeding remains an important complication. In a large platelet dose trial, within a 30-day period, up to 70% of patients developed clinically significant bleeding [World Health Organization (WHO) grade 2-4] and up to 10% had severe/life-threatening hemorrhage (WHO grade 3-4). 1 Comparable rates of bleeding were found in two recent trials that assessed the role of prophylactic platelet transfusions. 2, 3 Our current management of these patients to prevent bleeding is therefore sub-optimal and to improve it we need to understand better which patients are at higher or lower risk of bleeding.
Relationships between the severity of thrombocytopenia in predicting bleeding and the role of platelet transfusions in preventing bleeding remain unclear. In a retrospective study. Freidmann et al. 4 identified clinical characteristics such as previous transplantation as more significant determinants of bleeding risk than platelet count. A retrospective analysis of a much earlier platelet threshold trial 5, 6 suggested that occurrence of lower grades of bleeding might predict higher grades of bleeding. However, comparisons of rates of bleeding between different clinical studies are limited by the different methods used to record and grade bleeding. 7, 8 The recent prospective TOPPS trial (Trial of Prophylactic vs.
No-Prophylactic Platelet Transfusions in Patients with
Hematological Malignancies) provides a resource to explore to what degree different patient factors or clinical characteristics are important prognostic factors for bleeding. 2 However, analyzing bleeding data can be challenging due to factors such as multiple bleeding events per patient. In a post hoc analysis of data published by Rebulla et al., 6 Cook et al. 9 demonstrated a 12% increase in the risk of bleeding in patients receiving platelet transfusions at a threshold of 10x10 9 /L versus 20x10 9 /L, although the 95% confidence intervals (95% CI) were wide (0.69 to 1.83), and suggested that the original study may have been underpowered to test for significant differences between treatment arms. Cook et al. 9 discussed different analytical measures and proposed that a recurrent event analysis may be a more robust method to analyze bleeding data over time. This type of analysis allows the investigation of all bleeding data that are available, rather than just focusing on measures such as rates of bleeding in patients or time to first bleeding event. /L) with a strategy of no-prophylaxis in adults with hematologic malignancies. Seventy percent of enrolled patients received an autologous hematopoietic stem cell transplant. Statistical models were developed to explore which patient factors or clinical characteristics are important prognostic factors for bleeding. These models were presented for baseline characteristics and for recurrent analysis of bleeding to assess the risks of World Health Organization grade 2-4 bleeding on any given day. Additional analyses explored the importance of fever. Treatment plan (chemotherapy/allogeneic hematopoietic stem cell transplant), female sex, and treatment arm (no-prophylaxis) were significantly associated with an increased number of days of bleeding. The number of days with a platelet count <10x109/L was significantly associated with a grade 2-4 bleed (P<0.0001). Patients with a temperature of at least 38°C had the highest hazard of a grade 2-4 bleed (hazard ratio: 1.7, 95% confidence interval: 1.3 to 2.4, compared with the risk in patients with a temperature <37.5°C). There was no evidence that minor bleeding predicted a grade 2-4 bleed. The results highlighted the limited role of correction of thrombocytopenia by platelet transfusion in reducing the risk of bleeding. Clinically stable patients undergoing autologous hematopoietic stem cell transplantation had the lowest risk of bleeding and benefited least from prophylactic platelet transfusions. Prospective studies are required to address the usefulness of risk factors to support better targeted platelet transfusions. TOPPS Controlled-Trials.com number ISRCTN08758735.
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This study is a further analysis of the TOPPS trial data and assesses patients' baseline characteristics at enrolment, burden of thrombocytopenia, presence of fever and presence of minor hemorrhage as potential risk factors for WHO grade 2 to 4 bleeding. Recurrent event analyses have been used to allow assessment of bleeding over the 30-day trial period and to account for multiple bleeds per patient.
Methods
Details of the UK and Australian TOPPS randomized trial have been published previously .2,8,10 Six hundred patients were randomized to receive either prophylactic platelet transfusions if the platelet count was <10x10 9 /L (n=299), or no prophylaxis (n=301). The trial was approved by independent ethics committees. Although the median number of days with complete data was 30, bleeding data were not complete for all 30 days for all patients. 2 The vast majority of bleeds were inpatient bleeds 8 and, as incomplete records often related to when the patient was at home, no bleeding was assumed on days for which no data were reported.
Bleeding types were grouped to describe characteristics of bleeding: skin bruising included petechiae, purpura, and bruising; gastrointestinal bleeding included blood in the stool, melena and hematemesis; mouth bleeding included oral blood blisters and oropharyngeal bleeding; and other included musculoskeletal or deep tissue bleeding, eyes and visual impairment, pleural tap, and cerebral bleeds.
For the modeling (Figure 1 ), patients were grouped by treatment plan [autologous hematopoietic stem cell transplant (HSCT) and chemotherapy (induction and consolidation)/allogeneic HSCT (myeloablative and reduced intensity)] and diagnosis [acute myeloid leukemia (AML), myeloma, lymphoma and other diagnoses]. In contrast to the TOPPS analysis, only the first day of consecutive bruising or petechiae was counted as a bleed, unless bleeding on the subsequent day was worse.
Modeling analysis
Negative binomial regression 11 was used to model baseline characteristics associated with the number of days of grade 2-4 bleeding (analysis 1). The risk factors considered are shown in Table 1 . Previous HSCT (defined as any prior transplant) and relapsed disease were also considered.
Recurrent event analysis 12 was used to model the hazard of a grade 2-4 bleed on any one day, accounting for previous bleeds (analyses 2a, 2b and 2c). Robust sandwich variance estimates 12 were used for the hazard confidence intervals. Analysis 2a was the main recurrent event analysis. Analysis 2b was performed on a subset of bleeding records in which the platelet count from all 3 previous days was reported. Analysis 2c was a further subset analysis in which patients' temperature from all 3 previous days Risk factors for bleeding and platelet transfusion haematologica | 2015; 100 (6) 741 Eight of the 600 patients in the TOPPS trial dataset were not included in the analyses described in this paper: two patients withdrew from the trial immediately after randomization and six patients had missing baseline characteristic data.
was investigated. Risk factors considered were baseline characteristics plus red cell transfusion in the preceding 1 or 3 days, previous day platelet count and previous day minor bleed. Cox proportional hazards regression was used to investigate whether a minor bleed (grade 1) predicted a more severe bleed. The association between minor and major bleeds was also investigated as part of the recurrent event analysis.
Sensitivity analyses
Analyses were repeated excluding skin bleeds (the most common type of bleed, often considered of lesser clinical significance) and vaginal bleeds (due to the different results for sex) to explore whether these bleeding types were particularly influential on the models. Hazard ratios (HR) were compared across the cohorts to ensure consistency. Further analyses were performed to check the different assumptions on skin bleed duration.
Analyses were undertaken using SAS version 9 (SAS Institute Inc., Cary, NC, USA). A P-value less than 0.05 was considered statistically significant.
Results

Baseline characteristics
Demographic and other data for patients in the modeling dataset are shown in Table 1 . The majority (66%) of patients did not have relapsed disease and this percentage was similar across the treatment arms. Forty-five patients (8%) had had a previous HSCT and 13 patients (2%) had had a previous fungal infection. The median number of days with a grade 2-4 bleed was 0 days (IQR 0 to 1).
Characteristics of bleeding
For the 592 patients whose baseline characteristics were reported, 16,982 daily bleeding records were analyzed. A grade 2-4 bleed was reported in 700 (4%) of the daily bleeding records. Six hundred ninety-one (98.7%) of the grade 2-4 bleeds were grade 2. In total, 276 of the 592 (47%) patients had at least one grade 2-4 bleed; 140 (51%) of the 276 patients who had a grade 2-4 bleed had more than one bleed and 94 (34%) had three or more bleeds.
The types of bleed reported are shown in Table 2 . Skin bruising was the most common type of bleed, reported on 32% of days when bleeding was reported to have occurred. The next most common type was gastrointestinal bleeding.
Baseline characteristics associated with the number of days of bleeding (analysis 1)
Baseline data were complete for 592 patients and 560 of these patients had complete follow-up data for the 30 days of the study; 256 (46%) of the 560 patients had at least one grade 2-4 bleed in the 30 days. Of the grade 2-4 bleeds, 97.3% were grade 2 bleeds.
The results of the multivariate modeling of baseline characteristics associated with number of days of bleeding
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haematologica | 2015; 100(6) are shown in Table 3 . Treatment plan, sex and treatment arm were all found to be significantly associated with the number of days of bleeding. Female patients, allograft or chemotherapy recipients and patients in the no-prophylaxis arm had the highest incidence of grade 2-4 bleeding. There was also some borderline significant evidence that patients who hah had a previous HSCT were more likely to have a significant bleed (P=0.06).
The model in Table 3 was also run separately for subgroups of patients undergoing autologous HSCT or allogeneic HSCT/chemotherapy. The findings were not different from those of the overall model (results not shown).
Hazard of a grade 2-4 bleed on any given day (analysis 2a)
This analysis investigated factors associated with the hazard of a grade 2-4 bleed on any one day using a recurrent event analysis, which does not require follow-up data for the full 30 days. The dataset was restricted to 8,110 bleeds occurring in the 589 patients whose platelet count from the preceding day and any red cell transfusions from the preceding 3 days were recorded.
Patients in the no-prophylaxis arm of the study, patients who had received a red cell transfusion in the preceding 3 days, female patients and allogeneic HSCT/ chemotherapy recipients had the highest hazards of a grade 2-4 bleed. A significant association between platelet count on the previous day and bleeding episode (first bleed or subsequent bleed) was also found; patients with lower platelet counts on the preceding day had a higher hazard of a grade 2-4 bleed, particularly for subsequent bleeds ( Table 4 ).
The duration of severe thrombocytopenia (analysis 2b)
The relevance to grade 2-4 bleeding of a low platelet count over the preceding 3 days was investigated (n=6,712 bleeding records, patients=588). There were 442 observations for which the platelet count was less than 10x10 9 /L on each of the preceding 3 days, 1,820 observations for which the platelet counts were all less than 20x10 9 /L and 5,227 observations for which the platelet counts were all less than 50x10 9 /L. After adjusting for platelet count on the previous day and the other significant factors (treatment arm, red cell transfusion in the preceding 3 days, sex and treatment plan), there was evidence of an association with bleeding and a platelet count below 10x10 9 /L for each of the preceding 3 days (hazard ratio 1.5, 95% CI: 1.1 to 2.0, P=0.009). No interaction between treatment arm and platelet count below 10x10 9 /L was found, indicating that this result was not due to the treatment arm.
To investigate this further, the number of days (out of the previous three) on which the platelet count was below 10x10 9 /L was considered in the modeling. After adjusting for the significant factors, the number of days with a count below 10x10 9 /L was found to be significantly associated with a grade 2-4 bleed (P<0.0001) and there was a signifiRisk factors for bleeding and platelet transfusion haematologica | 2015; 100 (6) 743 /L for allogeneic HSCT or chemotherapy patients. In contrast, the hazard did not change over time for autologous HSCT patients, or even showed a (non-significant) tendency to decrease over the 3 days (Figure 2 ).
There was no significant association between bleeding and a platelet count below 20x10 9 /L or 50x10 9 /L in the preceding 3 days.
The relevance of fever to grade 2-4 bleeding (analysis 2c)
This analysis investigated the relevance of the patient's highest temperature in the preceding 3 days (n=4,277 bleeding records, patients=469) to the risk of a grade 2-4 bleed on any given day. After adjusting for the factors shown in Table 4 , a significant association between patient's highest temperature and the hazard of grade 2-4 bleeding was found (P=0.03): patients with a temperature of at least 38°C had the highest hazard of a grade 2-4 bleed (HR: 1.7, 95% CI: 1.3 to 2.4, compared to those with a temperature <37.5°C).
Severity of bleeding (analysis 3)
Of the 592 patients, 492 (83%) had at least one minor (grade 1) bleed at some point in the 30 days. Two hundred seventy-six patients had a grade 2-4 bleed and 155 (56%) of these had at least one minor bleed first. If minor bleeds that occurred after a major bleed were ignored (n=93), 39% (155/399) of the patients who had a minor bleed had a subsequent major bleed compared to 63% (122/193) of patients who had no minor bleed.
There was no evidence that minor bleeding predicted a grade 2-4 bleed in either the Cox proportional hazards model (analysis 3) which modeled time to first grade 2-4 bleed, or the risk-adjusted (adjusted for the factors shown in Table 4 ) recurrent event analysis (analysis 2a) which modeled whether a minor bleed on the previous day predicted a more severe bleed on the following day. In fact, the Cox model showed that patients who did not experience a minor bleed had a higher hazard of a grade 2-4 bleed [P<0.0001, HR: 2.4 (1.9-3.0)].
Sensitivity analyses
All models were re-run after removing vaginal-only bleeds (n=24 bleeding records) and also after removing skin-only bleeds (n=137 in the baseline characteristics model and n=152 in other models). The models were similar after excluding these bleeds. However, there was some evidence of an association with previous HSCT and bleeding after removing the skin-only bleeds in the baseline characteristics model (analysis 1), in the main recurrent event analysis (analysis 2a) and in the "importance of fever" (analysis 2c) model; patients who had had a previous HSCT had a higher incidence of grade 2-4 bleeds in analysis 1 and a higher hazard of a grade 2-4 bleed in analyses 2a and 2c (P=0.04, P=0.02 and P=0.002, respectively). Previous HSCT was not significant in the "duration of severe thrombocytopenia" (analysis 2b) model (P=0.3).
The severity of bleeding analyses (analysis 2a and 3) were also repeated after re-classifying the 152 skin-only bleeds as grade 1 and the results did not change: there was no evidence of minor (grade 1) bleeding predicting grade 2-4 bleeding. This analysis was undertaken to be consistent with the methodology of Webert et al. (see discussion). The hazard ratios for the main recurrent event analysis model were comparable to those for the "burden of thrombocytopenia" (analysis 2b) and "importance of fever" (analysis 2c) datasets. Counting the first of consecutive days of skin bleeding produced comparable results to counting each day of skin bleeding separately.
Discussion
There is increasing interest in developing risk-adapted policies for prophylactic platelet transfusions, and a better understanding of risk factors could be used to identify patients at greater or lesser risk of bleeding, and hence more or less likely to derive benefit from platelet transfusions. Statistical models were developed and applied in this study to characterize risk factors for bleeding as well as the importance of fever. The source dataset was the TOPPS trial which showed a small but significant benefit from prophylactic platelet transfusions, which may vary in different subgroups of patients. 2, 10 A recurrent event analysis model was developed to present information on the overall burden of bleeding. 12 The results of the analyses described here confirmed the relevance of baseline characteristics in predicting subsequent bleeding. There were differences between autologous HSCT versus allogeneic HSCT/chemotherapy patients. In addition to treatment plan, treatment arm (prophylaxis versus no prophylaxis) and sex were also found to be significantly associated with the numbers of days of bleeding. The reasons why female patients consistently appeared to have a higher risk of bleeding is not clear. In our models, female sex remained statistically significant after removing vaginal-only bleeds. Women have higher levels of factor VIII, von Willebrand factor and fibrinogen than men but there is no evidence of a difference in the amount of fibrinolytic activity. [13] [14] [15] Of interest, gender differences have been described in other clinical settings. 16 The severity of thrombocytopenia was identified as a risk factor for bleeding. This analysis also investigated the burden or duration of severe thrombocytopenia, and patients with a lower platelet count on the previous day had a higher hazard of a grade 2 to 4 bleed. Of note, number of days with a platelet count below 10x10 9 /L was significantly associated with a grade 2 to 4 bleed, suggesting a difference in the clinical implications between isolated days with severe thrombocytopenia and the cumulative effect of more prolonged periods with severe thrombocytopenia. In our analysis, there was no evidence of minor (grade 1) bleeding predicting a grade 2 to 4 bleed. Our result appears in contrast to the findings of Webert et al. 5 However, these authors applied a different classification of bleeding, in which grade 1 bleeding included all skin bleeds. We, therefore, undertook sensitivity analyses in our models when excluding skin-only bleeds and also when classifying all skin-only bleeds in the TOPPS dataset as grade 1. The results were unchanged, indicating no association between a minor bleed on one day and a major bleed on the next.
In our model, a significant association between highest temperature and a hazard of a grade 2 to 4 bleed was seen. 5 Many national guidelines have indicated that higher platelet count thresholds for transfusion may be appropriate in patients with sepsis or fever, although this recommendation has rarely been systematically evaluated. 17, 18 In support of the recommendation, recent studies using animal models have suggested that inflammation in conjunction with severe thrombocytopenia is a key determinant of bleeding risk. 19 There are a number of limitations to the results presented here, as well as those common to post hoc analyses. The largest group of enrolled patients were those receiving autografts and therefore the focus of any implications of this study should primarily apply to this subgroup. The modeling analysis was restricted to factors collected as part of the main trial, and therefore the contributions of other factors such as those related to treatment intensity or supportive care could not be explored. There is uncertainty regarding the clinical significance of all grades of skin bleeding (which was the most common type of bleeding in the trial), although the main results for statistical models when re-run after removing skin-only bleeds were similar. Additionally, a significant association was found between previous HSCT and bleeding when the skin-only bleeds were removed, in line with the findings of Freidmann et al., whose analysis included only WHO grade 3 and 4 bleeding. 4 With the limited resources available, data on fever were only collected on a large but not full subset of in-patients involved in the TOPPS trial. For the TOPPS trial as a whole, data completeness, including that for the main bleeding outcomes, was very high and sensitivity analyses found that the analysis subsets were similar to the main dataset. Data were not available on documented infection for our analysis, and the impact of sepsis on risk of bleeding (and role of platelets) may differ from that of fever alone. 20 In the subsequent recurrent event analyses (analyses 2b and 2c), not all factors from analysis 2a reached statistical significance (treatment arm and sex were not significant in either model, and the interaction between previous day platelet count and bleeding episode was not significant in analysis 2c.) However, the effects of each factor were similar across all models (the hazard ratios for each model are shown in the Online Supplementary Appendix). Because of the identified limitations, our findings should be considered as hypothesis-generating.
No interaction was identified between treatment arm (prophylaxis versus no prophylaxis) and platelet count <10x10 9 /L, highlighting how factors other than those addressed by platelet transfusions are important in determining bleeding risk. Similarly the lack of interaction between treatment arm and fever might suggest that risk related to fever cannot be addressed by platelet transfusions. These findings should be considered alongside those of the PLADO trial, 1 in which the bleeding incidence was similar despite prophylactic platelet transfusion at differing doses, including 'double' doses of platelets; in addition in this study any small increase in bleeding risk at very low platelet counts was not reduced by the use of platelet transfusions.
Platelet transfusions are biological products with risks, and ongoing measures to define appropriateness of use in different groups of patients continue to be required. 21 Clinically stable patients undergoing autologous HSCT had the lowest risk of bleeding and benefited least from prophylactic platelet transfusions. 8 Further research might address how any risk reduction policy could be modified by measures such as red cell transfusion, which was identified as a prognostic factor in this analysis. An increased risk of bleeding associated with a recent red cell transfusion may indicate that patients with significant anemia (requiring a red cell transfusion) are at a higher risk of bleeding. 22, 23 It should be noted that hemoglobin levels were not adjusted for in this analysis because this information had not been recorded for all patients within the trial.
In summary, identification of patients at lower risk of bleeding who would not benefit from prophylactic platelets may be a more cost-effective approach in transfusion practice. This approach should, however, be coupled with research to evaluate alternative strategies to reduce bleeding risk (such as use of anti-fibrinolytics), as correction of thrombocytopenia by platelet transfusion appears a relatively inefficient means to reduce bleeding risk.
